Lime (CaCO3) applied to the soil, to minimize or neutralize the soil pH, can influence the fate and transport of other chemicals in soil. This study was conducted to investigate the effect of lime application on the movement of NO3-N and atrazine through soil columns under saturated and unsaturated conditions. 
A n important area of ecological and natural resources management is groundwater pollution from point or nonpoint sources. The pesticide and fertilizer applications within our ecosystem are cited as major sources of nonpoint groundwater pollution (Moody, 1990) . Agricultural chemicals can move to the deeper groundwater resources under intensive leaching conditions resulting from major rainfall or irrigation events.
Applying lime (CaC03) to the soil to minimize or neutralize soil acidity and increase productivity is an old and common practice in the world (Muller, 1988; Lyngstad, 1992; Curtin and Smillie, 1983) . Lime can reduce aluminum (Al) and manganese (Mn) to subtoxic concentrations (Summer et al., 1986), affect the soil's capacity to retain anions and cations (Coleman and Thomas, 1967) , and change the availability of some plant nutrients (Westermann, 1992) . Several studies have been conducted to investigate the fate and transport of agricultural chemicals through saturated and unsaturated soil profiles under field conditions (Gish et al., 1991 , Kanwar et al., 1985 , 1988 and in leaching experiments with soil columns Kanwar, 1991, Czapar et al., 1992) . However, little scientific information is available on how lime application affects the fate and transport of agricultural chemicals (fertilizers and herbicides) in shallow groundwater systems. Therefore, the hypothesis for this study was that lime application can eitfier increase or decrease the chemical transport through a given soil profile and to the groundwater.
Leaching experiments using undisturbed soil columns can be helpful in determining microscopic flow velocities and physical phenomena occurring in soils, such as ion exchange and adsorption characteristics, movement of fertilizers, and similar hydrodynamic dispersion processes (Nielson and Biggar, 1961) . Studies of solute transport through disturbed and undisturbed soil columns can help in separating the effects of lime application from other variables such as preferential flow and heterogeneity in the soil structure. Many researchers (Czapar et al., 1992; Smith et al., 1989; Southworth et al., 1987) have reported that leaching studies using a packed soil column may significantly underestimate the extent of herbicide movement through a structured field soil because the contribution of preferential flow is largely ignored in these studies. Nonetheless, leaching experiments on packed soil columns do provide a basic understanding of solute transport through soil profile.
Given that flow characteristics under field conditions may change from unsaturated to saturated conditions for extended periods of time, it is important to understand and describe the movement of the agricultural chemicals through the soil profile under both the conditions. Besides, saturated conditions provide a worst-case scenario for chemical movement in shallow groundwater systems compared with normal flow conditions. Leaching experiments, therefore, were conducted under both unsaturated and saturated conditions to understand the solute movement under normal as well as worst-case (saturated) conditions.
The main objective of this study was to investigate the effect of lime application on the movement of NO3-N and atrazine through large undisturbed and disturbed soil columns under saturated and unsaturated conditions. 
MATERIALS AND METHODS UNSATURATED SOIL COLUMN EXPERIMENTS
Undisturbed Soil Columns. In the summer of 1993, six undisturbed soil columns (0.205 m in diameter and 0.61 m in length) were collected from the Agronomy and Agricultural Engineering Research Center near Boone, Iowa. Large soil columns were used to more accurately represent the actual soil conditions in the field. The predominant soil at the experimental site was a Nicollet loam-a fine-loamy, mixed, mesic Aquic Hapludoll in the Clarion-Nicollet-Webster Soil Association. These soils are derived from glacial till and have a slope of less than 3% (Kanwar et al., 1990) . The study site was under no-till continuous com production between 1984 and 1991 receiving an annual application of 175 kg N/ha. Beginning in 1992, the study site was managed as a chisel-plow, cornsoybean production system receiving an application of 112 kg N/ha in the com year; the year 1993 was under com. Selected physical properties of the soil profile are given in table 1.
Using a soil sampling machine, a steel pipe (0.205 m in diameter) was pushed 0.61 m deep into the soil, and then was pulled out slowly with an undisturbed soil mass inside the steel pipe. To avoid any movement of the soil within the column during transportation, styrofoam blocks were placed on both ends of the soil column. In the laboratory, a layer of cheese cloth and then a layer of wire screen were placed at the bottom of the soil column to support the soil inside the steel pipe. A 0.10-m-long furnace steel pipe with 0.15 m inner diameter was pushed about 30 to 40 mm deep into the top upper surface of the soil columns. The space between this furnace pipe and column steel pipe walls was filled with molten paraffin wax to avoid possible preferential flow along the pipe walls. Figure 1 presents a schematic of the undisturbed soil columns. Table 2 shows some measured physical properties of the undisturbed soil columns. The compaction in each column was measured as the difference between the depth to which the pipe was pushed into the ground and the length of the actual soil column recovered in the pipe. All columns were stored at 4°C to minimize biological activity until leaching experiments started. Soil samples were collected at different depths (surface layer, 0.15, 0.36, 0.46, and 0.61 m) with three replications at each depth, from the Pore volume (m^) 5 694 x 10-6 6 743 x 10-6 6 929 x 10-6 6 457 x 10-6 545 x 10-6 Disturbed Soil Columns. Soil was also collected from four different layers (0 to 0.15, 0.15 to 0.36, 0.36 to 0.51, and 0.51 to 0.61 m depths) adjacent to the undisturbed column collection sites. This soil was air dried and coarsely ground in a mechanical soil grinder and then passed through a 2-mm sieve. A layer of cheese cloth and a layer of wire screen were placed at the bottom of six steel columns, and the soil was packed in these columns, keeping each layer separate, to approximately the original bulk density of the corresponding soil layer in the field ( fig. 1 ). The disturbed soil columns were then saturated with 0.005 M CaS04 solution to minimize soil dispersion in the columns. After saturation, the columns were drained for about 24 h to a water content of approximately 30%. The use of the 0.005 M CaS04 solution was considered to have minimal or no effect on the results obtained in these experiments.
Average values of 1.48 x 10^* kg/m^ for bulk density (BD), 43.4%t for porosity, and 8 576 x 10-^ m^ for pore volume, were obtained for these disturbed columns. All six columns had reached the same BD, porosity, and pore volume because the amount of soil used in each layer was exactly the same.
Lime (60% CaC03) was mixed (witfi a spatula) into the top 30 mm of three undisturbed and three disturbed columns at a rate of 9 Mg/ha. After this, all columns were covered with aluminum foil to avoid significant changes in the soil moisture. Two days after the lime incorporation, approximately 20 mL of a solution containing potassium nitrate (KNO3) and 10 mL of another solution containing extrazine (21.4% atrazine -2-chloro-4-ethylamino-6-isopropylamino-1,3,5 triazine) were surface applied on each column, corresponding to 200 kg N/ha and 2.8 kg a.i. atrazine/ha, respectively. The first irrigation of 127 mm of distilled deionized water was applied on all columns two days after applying the NO3-N and atrazine solution. Four irrigations of 60 mm each followed at weekly intervals. During and after every irrigation event, the entire leachate was collected at the bottom of each colunm (as a function of time) and was analyzed for NO3-N, atrazine, calcium, and pH. The leachate samples for NO3-N, calcium, and pH were collected in test tubes, at 15-min intervals, during the first 2 h after irrigation. After that, leachate samples were collected at intervals of 30 min for 2 h and then at 60-min intervals until the end of the leaching event. Regular quart bottles were used to collect all the leachate flow (except the leachate part that was collected in test tubes) for atrazine analysis.
* Average of the different layers in the column. t Assuming a particle density of 2.61 Mg/m^ naeasured by Singh and Kanwar (1991) for tfie same soil
SATURATED SOIL COLUMN EXPERIMENTS
After completion of the unsaturated experiments, fcmr of die undisturbed soil columns (two lime columns and two no-lime columns) were saturated with a CaS04 solution (0.005 M) to minimize the effects of soil dispersion in the column. For complete saturation, the soil columns were placed in large plastic containers, and the level of CaS04 solution was raised slowly in the containers to saHirate the colunms. The solution level was raised by 50 mm every 4h. It took between 36 and 48 h to saturate die entire length of the column. Although the columns were previously used to conduct unsadirated experiments, no available NO3-N was expected to remmn in the columns after the process of saturation and passing 0.005 M CaS04 solution for several hours. Although some atrazii^ was probably left in the column after the unsalairated leaching experiments, the total amounts of atrazine remaining in the soil columns was assumed to be similar for lime and nolime columns. Thus, the reuse of die undisturbed cx^lumns for saturated leaching experiments did not influence die results.
After saturating die columns, a little more dian one pore volume of the CaS04 solution was again leaci^ thitni^ the columns to obtain a steady-state leaching rale. Oi^e steady-state conditions were achieved, the supply of CaS04 solution to the column was stopped. When the pomied CaS04 solution started disappearing from die column surface, another solution containing CaCl2 (0.005 3f), extrazine (2 000 jig/L of atrazine), ai^ KNO3 (200 mg/L of NO3-N) was added to the columns without causing discontinuity of water application on column surface. Chloride was used as a tracer in die soluticHi.
Two pore volumes of this last solution (CaCl2, extrazine, and KNO3) were leached thrmigh each column. During these leaching experiments, leachate samples for NO3-N, calcium, and pH analysis were collected in M) mL test tubes at the bottom of each column at 15-min intervals for the first 2 h. After 2 h, s^nples were collected at 30-min intervals and dien at 60-min intervals and, at the end of the leaching period, at 120-min intervals. Simultaneously and dirough tl^ entire leaching period, regular glass quart bottles were placed at tl^ bottom <rf the soil columns to collect the leachate water for atrazine analysis.
SOIL ANALYSIS FOR NO3-N AND ATRAZINE
The soil samples taken from die field were divi<ted into two parts-one part for NO3-N and the <Aer part f(xr atrazine analysis.
NO3-N Analysis. One hundred-fifty milliliters of deionized distilled water was mixed with aj^oximately 100 g of soil. This mixtore was stirred cm a m^i^tic agitator for 65 min, and then kept aside for sedimentaticMi for a day. The liquid part of diis solution was separated and placed into centrifuge tutes and was centrifuged M lOfiOO rpm for 20 min. Hie liquid part of d^ <^ndifuged samples were then analyzed using die second-derivative technique described by Crumpton et ai. (1992) .
Atrazine Analysis. To extract atrazine fr(Hn die soil, approximately 50 g of soil was mixed widi 50 mL of toluene. The soil was dispersed with a spoon aiKi stirred for about 30 min. After diis, 6 mL of this solution was transferred to a test tube and was smalyzed by gas chromatography. Samples were analyzed using a Tracor 560 gas chromatograph equipped with a N-P thermionic detector. A 1 830 x 6.4 mm column having OV-1 packing was used for detecting atrazine. Column temperature was 170°C with helium carrier gas at a flow rate of 25 mL/min. Both inlet and detector temperatures were 250°C with hydrogen and air reaction gas flows of 2.5 mL/min and 100 mL/min, respectively. An automated injection system was used to inject S-pL samples of the toluene extract into the gas chromatograph. Area data for the atrazine peaks were obtained using a Spectra-Physics SP-4270 integrator.
LEACHATE ANALYSIS FOR NO3-N, ATRAZINE, CALCIUM, AND pH
All leachate samples were analyzed for NO3-N, atrazine, and pH in the Water Quality Laboratory of the Agricultural and Biosystems Engineering Department at Iowa State University, Ames. Calcium analysis was performed in the Agronomy Department at Iowa State University.
To analyse the leachate samples for atrazine concentrations, atrazine was first extracted from leachate samples. To extract atrazine, approximately 50 mL of methylene chloride was added to 300 g of the leachate sample in a separator funnel. After shaking this mixture for three periods of 3-min duration with 10-min intervals between them, atrazine was dissolved in the solvent. Because the solvent is heavier than the water, it is possible to separate the two components and collect the solvent, that now contains the atrazine, in a beaker. This solvent was then allowed to evaporate, leaving a residue at the bottom of the beaker. The beaker was then washed with methylene chloride and this solution was placed in a test tube. After the methylene chloride evaporated, approximately 4 mL of toluene was added in the test tube, and finally this mixture was analyzed using the same procedure used to analyze atrazine in the soil samples.
The NO3-N concentrations in the leachate were determined using the same method described to analyze the soil sample extract. Calcium concentration in the leachate samples was determined using a flame spectrophotometer. Leachate samples were also analyzed for pH using a combination pH electrode, which was calibrated with pH 4 and pH 7 reference standards. first irrigation were higher compared to subsequent irrigations. Figure 2 only presents results for the first and second irrigation events, because the drainage flow rates for the subsequent irrigations were similar to the second irrigation event. This decrease in the drainage rate could be partly explained by the larger amount of irrigation water used for the first irrigation (127 mm) compared to the amount of water used for subsequent irrigations of 60 mm each. Also, expansion of the clay lattice volume due to water adsorption (Costa, 1985) could decrease the available volume for water movement. It was also observed that drainage flow rates were significantly higher through undisturbed soil columns than through the disturbed columns, probably because of preferential flowpaths (root channels, cracks, or wormholes) in the undisturbed soil columns.
RESULTS AND DISCUSSION

DRAINAGE FLOW RATES
Under unsaturated conditions for undisturbed soil columns, an average of 86.6 and 78.6% of the applied first irrigation water was observed as drainage water from the lime and no-lime columns, respectively. In the subsequent irrigations, the average drainage water obtained was approximately 93% of the applied irrigation amount for both lime and no-lime columns. For disturbed soil columns, approximately 90% of the applied irrigation water was drained for all irrigations, with no differences between lime and no-lime columns. concentrations (F-test, 95% confidence interval) were observed in the leachate water from lime columns compared with no-lime columns for the first and second irrigation events. Although these figures present average NO3-N concentrations, the F-test was calculated considering the NO3-N concentrations for every column. However, this difference decreased with additional irrigations (fig. 3) . Table 3 gives the mass balance for NO3-N for the same colunms under unsaturated conditions. linear dependence of nitrification rates on pH. Thus, the differences in the NO3-N concentration between lime and no-lime columns could have resulted from the differences in the nitrifying rates of the residual nitrogen in the soil columns.
NO3-N CONCENTRATIONS
Another explanation for these differences between lime and no-lime columns might be related to anion exclusion. unsaturated experiment), the importance of this anion exclusion process in the columns might be limited. In the disturbed soil columns (fig. 4) , only after the first irrigation did NO3-N begin to appear at the bottom of the column. This illustrates the phenomenon of miscible displacement through packed soil columns. However, there was no difference between lime and no-lime columns related to the NO3-N concentration in the leachate water. Also, no significant difference in NO3-N losses (table 3) was observed between the treatments (lime and no-lime) for the disturbed columns.
Under saturated conditions, a curve was fitted to the observed NO3-N concentrations by using the convectiondispersion equation: Table 5 shows the mass balance for undisturbed and disturbed soil columns under unsaturated conditions. Although there was no significant difference (F-test, 95% confidence interval) between lime and no-lime treatments, there was a trend toward higher atrazine losses from the limed columns. Jordan et al. (1970) reported that herbicides like atrazine are hydrolyzed under acid conditions, thus in no-lime columns less atrazine might be available for leaching through soil columns. However, the time interval between lime application and the beginning of the experiments, may not have been enough to cause a significant rise in the pH of the soil column. Therefore, these differences in the atrazine losses might be related to flow differences between lime and no-lime columns. Greater loss of atrazine was observed during the first irrigation event. Gish et al. (1991) and Gaynor et al. (1992) reported that there is a higher potential for pesticide movement with the first water input after the pesticide application. Also, for the undisturbed soil columns, most of the atrazine remained in the soil (only 12% of the atrazine was leached through lime columns and 8.3% through nolime columns). Table 5 columns from the unsaturated studies, and also during the saturation process and when the CaS04 solution was passed through the column to achieve steady-state flow conditions. Considering that this deficiency affected both columns in the same way, however, atrazine concentrations in the leachate water from lime columns were significantly higher than those from the no-lime columns. Atrazine losses were also much higher through lime columns, confirming the results obtained from these columns under unsaturated conditions.
pH OF THE WATER SAMPLES
No significant difference was observed in the pH of the leachate water from the undisturbed and disturbed soil columns under unsaturated or saturated conditions. For all the treatments, pH values were in the range of 6 to 7. Although lime application is known to increase pH of the soil (Santos, 1966; Curtin and Smillie, 1983; Lyngstad, 1992, and others), it did not affect the pH of the leachate during the short period of this study.
CALCIUM CONCENTRATIONS IN THE LEACHATE WATER
A significant relationship was observed between calcium and NO3-N concentrations in the leachate (with correlation coefficients ranging from 0.53 to 0.99) for both types of columns under both unsaturated and saturated conditions. Figure 9 shows this relation for lime and no- 
